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The corrosion and wear behaviour of Al–Mg–Si alloy matrix hybrid composites developed
with the use of rice husk ash (RHA) and silicon carbide (SiC) particulates as reinforcements
were  investigated. RHA and SiC mixed in weight ratios 0:1, 1:3, 1:1, 3:1, and 1:0 were utilized
to  prepare 5, 7.5 and 10 wt% of the reinforcing phase with Al Mg Si alloy as matrix using
double stir casting process. Open circuit corrosion potential (OCP) and potentiodynamic
polarization measurements were used to study the corrosion behaviour while coefﬁcient of
friction was used to assess the wear behaviour of the composites. The corrosion and wear
mechanisms were established with the aid of scanning electron microscopy. The results
show  that the effect of RHA/SiC weight ratio on the corrosion behaviour of the composites
in  3.5% NaCl solution was not consistent for the different weight percent of reinforcement (5,
7.5,  and 10 wt%) used in developing the Al–Mg–Si based composites. It was evident that for
most cases the use of hybrid reinforcement of RHA and SiC resulted in improved corrosion
resistance of the composites in 3.5% NaCl solution. Preferential dissolution of the more
anodic Al–Mg–Si alloy matrix around the Al–Mg–Si matrix/RHA/SiC particle interfaces was
identiﬁed as the primary corrosion mechanism. The coefﬁcient of friction and consequently
the  wear resistance of the hybrid composites were comparable to that of the Al–Mg–Si alloymatrix reinforced with only SiC.
© 2013 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
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Table 1 – Elemental composition of Al–Mg–Si alloy.
Element Si Fe Cu Mn Mg Cr Zn Ti
wt% 0.4002 0.2201 0.008 0.0109 0.3961 0.0302 0.0202 0.0125
Element Ni Sn Pb Ca Cd Li Na V Al
The quantitative amounts of rice husk ash (RHA) and silicon
carbide (SiC) required to produce 5, 7.5, and 10 wt%  reinforce-
ment consisting of RHA and SiC in weight ratios 0:1, 1:3, 1:1,
Table 2 – Chemical Composition of the Rice Husk Ash.
Compound/element (constituent) Weight percent
Silica (SiO2) 91.56
Carbon 4.8
Calcium oxide CaO 1.58wt% 0.0101 0.0021 0.0011 0.0015 
(AMCs) which have been explored for varied technical uses
are: high speciﬁc strength and stiffness, good wear and cor-
rosion resistance, low thermal coefﬁcient of expansion, good
high temperature mechanical properties, and excellent ther-
mal  management potentials among others [4–6]. Aluminium
based matrices are also noted to be the cheapest among
other common metallic matrix materials (copper, titanium,
magnesium) for metal matrix composites (MMCs) production
[7]. They can also be processed easily using similar tech-
niques adopted for the production of metals and alloys [8].
Currently, AMCs are being reinforced using waste products
derived from industrial processes (red mud, ﬂy ash) and agro
based materials (rice husk ash, bamboo leaf ash, ground
nut shell ash, bagasse, among others) [9,10]. All the enu-
merated advantages have made AMCs become very popular
and among top choice materials for a wide range of engi-
neering applications by virtue of its excellent combination
of material properties, ease processing, reduced cost, and
accommodation of waste materials as reinforcement resource
materials.
The development of reliable material property database for
AMCs newly  developed with the use of agro wastes as hybrid
reinforcing materials (to either alumina or silicon carbide)
is highly imperative. This is of vital importance in the area
of materials selection to determine the most suitable areas
and limits of application of these AMCs reinforced with agro
based wastes. To this end, there have been efforts to gener-
ate material properties data for a number of AMCs developed
with the use of agro waste based reinforcements [11–13]. From
the results generated, a fairly consistent trend in mechani-
cal behaviour has been observed for the different agro wastes
used as hybrid reinforcements in AMCs [10,14]. But in the case
of corrosion and wear properties, the results have not been as
consistent as the observations recorded for mechanical prop-
erties [15].
Corrosion behaviour of AMCs in particular has been
acknowledged to be difﬁcult to comprehensively predict
as shown by the wide variation and not too infrequent
contradicting results reported by researchers for different
AMC  systems [16–18]. A measured forecast of the corrosion
behaviour of AMCs in different environments is very helpful as
part of assessments required in establishing its performance
and suitability in a number of service environments. This is
of paramount importance in AMCs developed with the use of
agro wastes as hybrid reinforcements, since little corrosion
data are currently available to understand its mechanisms of
corrosion. Wear assessments are also very crucial where AMCs
developed with the use of hybrid reinforcements are to be
considered as replacement for the conventional AMCs (rein-
forced with Silicon carbide or alumina solely) for tribological
applications [19].0.0003 0.0000 0.0009 0.0027 98.88
There is currently no work available which has studied
the corrosion and wear behaviour of Al–Mg–Si alloy matrix
composites reinforced with rice husk ash and silicon carbide.
The interest in studying the corrosion and wear behaviour is
motivated by the promising mechanical properties of these
Al–Mg–Si alloy based hybrid composites which have shown
comparable strength characteristics and improved fracture
toughness over the single reinforced Al–Mg–Si alloy/SiC com-
posites [20]. The output from this research will be helpful
in understanding the corrosion and wear behaviour of these
peculiar AMCs. It would also serve as resource information
in building a database of material properties for Al–Mg–Si
alloy/RHA–SiC hybrid composites.
2.  Materials  and  methods
2.1.  Materials
Al–Mg–Si alloy was selected as aluminium alloy matrix for the
investigation. The alloy was obtained in form of billets and its
chemical composition determined using spark spectrometric
analysis (Table 1). Silicon carbide (SiC) and rice husk ash (RHA)
were selected for use as hybrid reinforcement for the com-
posites to be developed. For this purpose high purity silicon
carbide with average particle size of 28 m was procured. The
rice husk ash (with mesh size under 50 m and chemical com-
position as presented in Table 2) was prepared from complete
burning of the rice husks, thermal processing, and sieving
following procedures in accordance with Alaneme [10]. Mag-
nesium was selected as wetting agent to improve wettability
between the Al–Mg–Si alloy and the reinforcements.
2.2.  Composites  production
The Al–Mg–Si alloy matrix composites reinforced with RHA
and SiC were produced using double stir casting process [21].Magnesium oxide, MgO 0.53
Potassium oxide, K2O 0.39
Haematite, Fe2O3 0.21
Others 0.93
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:1, and 1:0, respectively, were initially determined. In order
o eliminate dampness in the reinforcements and improve
ettability with the molten Al–Mg–Si alloy, the rice husk ash
nd silicon carbide particles were preheated in an oven at a
emperature of 250 ◦C. A gas-ﬁred crucible (ﬁtted with a tem-
erature probe) was used to melt the Al–Mg–Si alloy billets
ompletely by ﬁring to a temperature of 750 ± 30 ◦C (above the
iquidus temperature of the alloy). The molten liquid alloy
as then allowed to cool to a semi solid state at a temper-
ture of about 600 ◦C before charging in the preheated rice
usk ash and SiC particles (along with 0.1 wt% magnesium).
anual stirring of the slurry was performed at this tempera-
ure (600 ◦C) for 5–10 min. The composite slurry was afterwards
uperheated to 800 ± 50 ◦C and a second stirring performed
sing a mechanical stirrer. The stirring was performed at a
peed of 400 rpm for 10 min  before casting into prepared sand
oulds inserted with metallic chills. Table 3 presents the
esignations used to represent each grade of the composites
roduced.
.3.  Corrosion  test
he corrosion behaviour of the composites produced was
nvestigated in 3.5% NaCl solution at room temperature (25 ◦C)
sing potentiodynamic polarization electrochemical meth-
ds. A Princeton applied research Potentiostat (VersaSTAT 400)
ith versaSTUDIO electrochemical software was utilized for
he corrosion studies. The experiments were performed using
 three-electrode corrosion cell set-up comprising the sam-
le as the working electrode, saturated silver/silver chloride as
eference electrode, and platinum as counter electrode. Work-
ng electrodes were prepared by attaching an insulated copper
ire  to one face of the sample using an aluminium conduct-
ng tape, and cold mounting it in resin. Prior to testing, the
urfaces of the samples were wet ground with silicon car-
ide papers from 220 down to 600 grade in accordance with
Table 3 – Corrosion potentials and corrosion current densities o
Sample designation Composition weight ratio of RHA
A0 0 wt% 
5 wt%
B1 0:1 
B2 1:3 
B3 1:1 
B4 3:1 
B5 1:0 
7.5 wt%
C1 0:1 
C2 1:3 
C3 1:1 
C4 3:1 
C5 1:0 
10 wt%
D1 0:1 
D2 1:3 
D3 1:1 
D4 3:1 
D5 1:0 . 2 0 1 4;3(1):9–16 11
ASTM [22] standard. Afterwards, the samples were washed
with distilled water, degreased with acetone and dried in air.
Open-circuit corrosion potential (OCP) measurements were
carried out in a separate cell for 120 min  while Potentiody-
namic polarization measurements were performed using a
scan rate of 1.6 mV/s at a potential initiated at −200 mV to
+1500 mV. After each experiment, the electrolyte was replaced,
while the test samples were polished, rinsed in water and
washed with acetone to remove the products that might have
formed on the surface which could affect the measurement.
Three repeat tests were performed for each grade of composite
produced to guarantee reproducibility and repeatability of test
results that were actually observed to be good as there were
no signiﬁcant differences between results from triplicates.
2.4.  Wear  test
The wear behaviour of the composites produced was tested
using a CETR UMT-2 Tribometer. A load of 25 N was used for
1000 s, at a frequency of 5 Hz; and the coefﬁcient of friction
with time for each grade of composite recorded.
2.5.  Scanning  electron  microscopy  (SEM)
The corrosion and wear mechanisms of the composites were
established by scan electron microscopic (SEM) analysis of
the surface morphology of the test samples. A JSM 7600F
Jeol ultra-high resolution ﬁeld emission gun scanning electron
microscope (FEG-SEM) was utilized for the microscopy studies.
3.  Results  and  discussion3.1.  Electrochemical  behaviour
The variation in the open circuit potentials of the produced
composites exposed to 3.5% NaCl solution is presented in
f the composites produced.
:SiC Ecorr (V) Icorr (A/cm2)
−807.772 0.819
−794.939 1.754
−808.280 0.542
−801.970 0.945
−710.055 0.415
−765.650 3.812
−758.550 4.261
−754.751 7.103
−808.853 7.837
−822.612 2.706
−780.424 0.940
−773.265 0.901
−805.241 4.329
−814.855 2.345
−821.102 5.978
−760.232 2.076
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Fig. 1 – Variation of the open circuit potential with time for
the Al–Mg–Si based composites containing (a) 5 wt%
RHA–SiC reinforcement, (b) 7.5 wt%  RHA–SiC
reinforcements, and (c) 10 wt%  RHA–SiC reinforcement; in
3.5% NaCl solution.
Fig. 1. It is observed from Fig. 1(a), which presents the OCP
proﬁle of the composites containing 5 wt% RHA–SiC reinforce-
ment, that the open circuit potentials for all the composites in
this series ﬂuctuates continuously. The exception is observed
to be B1 (the single reinforced Al–Mg–Si composite containing
5 wt%  SiC) which had a fairly stable OCP proﬁle. The ﬂuctua-
tion of OCP values in the manner observed in these composites
is typical of materials systems undergoing repeated passive
ﬁlm formation and breakdown due to exposure to a corro-
sive environment [15]. On observation of the OCP proﬁles of
the composites in this series, it is noted that B4 (the hybrid
Al–Mg–Si composite containing RHA and SiC in weight ratio l . 2 0 1 4;3(1):9–16
3:1) had the highest open circuit potential in comparison with
the other composite grades. This suggests that B4 will have
the least thermodynamic tendency to corrode in the 3.5 wt%
NaCl solution. It also appears that the OCP proﬁles of the com-
posites containing higher weight ratios of RHA (B3, B4, and B5)
are shifted to higher values in comparison with those contain-
ing more  of SiC (B1, and B2) and the unreinforced Al–Mg–Si
alloy (A0). This connotes a higher thermodynamic stability
and hence a lesser tendency to corrode in 3.5 wt%  NaCl solu-
tion in comparison with the composite grades containing less
amounts of RHA. For the composite grades containing 7.5 wt%
of RHA–SiC reinforcing phase, there was no clear advantage
of higher OCP values for the composite grades with higher
RHA content as observed in the case of the 5 wt%  reinforce-
ment. By contrast, it is noted that the hybrid composites C2
and C3 (containing RHA and SiC in weight ratios of 1:3 and 1:1,
respectively) had higher OCP values in comparison with the
single reinforced composites (C1 and C5), and the unreinforced
Al–Mg–Si alloy (A0). This again shows that some of the hybrid
composite grades in this series have a lower thermodynamic
tendency to corrode in the NaCl solution in comparison with
the single reinforced composites. However for the composites
containing 10 wt% RHA–SiC reinforcement, it is observed that
it is the composite grades containing higher weight ratios of
SiC (D1 and D2 – which are respectively the single reinforced
and the hybrid composite containing RHA and SiC in weight
ratio 1:3) that had higher values of OCP in comparison with
the other composite grades in this series.
The potentiodynamic polarization curves for the com-
posites in 3.5% NaCl solution (Fig. 2) helped in analysing
more  thoroughly the corrosion behaviour of the composites.
Fig. 2 shows that the composites generally displayed simi-
lar polarization curves and passivity characteristics. But the
corrosion potentials (Ecorr) of the composites were clearly dis-
tinct for and deﬁned in the ranges of −0.83 to −0.71 V. Table 3
which presents the corrosion potential (Ecorr) and corrosion
current density (Icorr) data of all the composites produced
was obtained from Fig. 2. It is seen clear that the corrosion
potentials (Ecorr) and corrosion current density (Icorr) of the
composites did not follow a consistent trend with variation
in the weight percent of reinforcement phase and RHA/SiC
weight ratios of the composites produced as was the case with
the OCP curves (Fig. 1). The scatter in the corrosion current
density (Icorr) of the composites is better appreciated from
Fig. 3. In this ﬁgure, it is observed that the corrosion cur-
rent densities of the composites with 5 wt%  reinforcement
(B series) were averagely lower than that of the 7.5 wt% and
10 wt% RHA–SiC reinforced composites. This indicates that the
5 wt% RHA–SiC reinforced Al–Mg–Si based composites have
lower corrosion susceptibility in 3.5% NaCl solution in com-
parison with the higher reinforcement grades. For the 5 wt%
RHA–SiC reinforced composite series, it is further noted that
specimen B4 (the hybrid Al–Mg–Si composite containing RHA
and SiC in weight ratio 3:1) had the least corrosion current
density indicating that it has the overall best corrosion resis-
tance. This observation is consistent with the results from
the OCP values (Fig. 1a) discussed earlier. It is also observed
that the other hybrid composite grades B2 and B3 (contain-
ing RHA and SiC in weight ratios of 1:3 and 1:1, respectively)
also had lower corrosion current densities in comparison with
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Fig. 2 – Potentiodynamic polarization curves for the
Al–Mg–Si based composites containing (a) 5 wt% RHA–SiC
reinforcement, (b) 7.5 wt%  RHA–SiC reinforcements, and (c)
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Fig. 3 – Variation of corrosion current density in 3.5% NaCl
tary reinforcement to SiC in Al–Mg–Si alloy based composites0 wt%  RHA–SiC reinforcement; in 3.5% NaCl solution.
he single reinforced grades B1 and B5 which had higher
orrosion current densities. In the case of the composites
ith 7.5 wt% reinforcement, the corrosion current density
ncreases with increase in the RHA weight ratio attaining peak
orrosion current density for specimen C3 (which has RHA:SiC
eight ratio of 1:1). Further increase in the RHA weight ratio
esulted in decrease in the corrosion current density. For the
omposites containing 10 wt%  RHA–SiC reinforcement, there
as no coherent trend in the corrosion behaviour (corrosionsolution for all the Al–Mg–Si based composites produced.
current density variation) with respect to changes in the
RHA/SiC weight ratio. However the corrosion current den-
sity values were averagely lower than that of the composites
having 7.5 wt% RHA–SiC reinforcement. Although the effect
of RHA/SiC weight ratio was not consistent for the different
weight percent of reinforcement (5, 7.5, and 10 wt%)  used in
developing the Al–Mg–Si based composites, it was very clear
that for most cases the use of hybrid reinforcement of SiC
and a cheap complement RHA does not degrade the corrosion
properties of the composites in 3.5% NaCl solution.
Secondary electron imaging of all the composites after
the corrosion test indicates that the corrosion mechanism
for all the composites was preferential dissolution of the
more  anodic Al–Mg–Si alloy matrix which occurs around
the Al–Mg–Si matrix/RHA/SiC particle interfaces. Represen-
tative SEM images of some of the composites are presented
in Fig. 4 conﬁrming the afore-mentioned corrosion mecha-
nism. The presence of physical or chemical heterogeneities
such as reinforcement/matrix interface, defect, intermetallic,
mechanically damaged region, grain boundary, inclusion, or
dislocation is responsible for the localized corrosion com-
monly observed in MMCs [23,24]. This is due to the difference
in electrochemical potentials between these heterogeneities
and the matrix which is often more  anodic [18].
3.2.  Wear  behaviour
The variations of coefﬁcient of friction with time for the com-
posites produced are presented in Fig. 5. For the composite
grades containing 5 wt% RHA–SiC reinforcement (Fig. 5a), it is
observed that the hybrid composite B2 (which has RHA and SiC
weight ratio of 1:3) had the least coefﬁcient of friction in com-
parison with the other composites in this series. The other
hybrid composite compositions B3 and B4 (which have RHA
and SiC weight ratios of 1:1 and 3:1, respectively) had coefﬁ-
cient of friction comparable to that of the single reinforced
composites B1 (single reinforced Al–Mg–Si matrix compos-
ite containing SiC) and B5 (single reinforced Al–Mg–Si matrix
composite containing RHA). This is a clear indication that the
addition of low cost agro waste product, RHA, as complemen-does not degrade the wear resistance characteristics of the
composites. The unreinforced Al–Mg–Si alloy, as expected, had
the highest coefﬁcient of friction. For the Al–Mg–Si alloy based
14  j m a t e r r e s t e c h n o l . 2 0 1 4;3(1):9–16
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Fig. 4 – Some representative SEM photomicrograph of the
corroded surfaces of the Al–Mg–Si based composites after
the electrochemical test in 3.5% NaCl solution (a)
Al–Mg–Si/5 wt%  SiC (B1), (b) Al–Mg–Si/5 wt%  RHA–5 wt%  SiC
(C3), and (c) Al–Mg–Si/7.5 wt%  RHA.
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Fig. 5 – Variation of coefﬁcient of friction with time for the
Al–Mg–Si based composites containing (a) 5 wt%  RHA–SiC
reinforcement, (b) 7.5 wt%  RHA–SiC reinforcements, and (c)
due to the large accumulation of debris visible on the surfacescomposites containing 7.5 wt% RHA–SiC reinforcement, it is
observed that the hybrid composites C2, C3, and C4 (which
contain RHA and SiC in weight ratios 1:3, 1:1 and 3:1, respec-
tively) had comparable coefﬁcient of friction with the single
reinforced Al–Mg–Si/SiC composite (C1). For the 10 wt% rein-
forcement, it is observed that D4 (hybrid composite containing10 wt% RHA–SiC reinforcement.
RHA and SiC in weight ratio of 3:1) and D5 (single reinforced
Al–Mg–Si/RHA composite) which are both characterized by
higher RHA content have lower coefﬁcient of friction in com-
parison with the other hybrid composite grades (D2 and D3)
and the single reinforced grade D1. This is an added indication
that the addition of RHA can improve the wear resistance of
Al–Mg–Si based composites.
The wear results reported in Fig. 5 are supported by the SEM
micrographs mechanisms proposed above and conﬁrmed by
the secondary electron images of the worn surfaces of all the
composite grades. These images show similar wear surface
topographies characterized mostly by abrasive wear features
which occasional worn debris welded to the surface of the
samples. The samples C5 and A0 were the few exceptions
that showed a more  predominant adhesive wear mechanism(Fig. 6c and d). Adhesion of worn out debris to the surface of
these composites is largely responsible for the higher friction
coefﬁcients observed [25,26].
j m a t e r r e s t e c h n o l 
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Fig. 6 – Some representative SEM photomicrograph of the
worn surfaces of the composites produced (a)
Al–Mg–Si/7.5 wt%  SiC (C1), Al–Mg–Si/1.25 wt%
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.  Conclusions
he corrosion and wear results show that: The effect of RHA/SiC weight ratio on the corrosion
behaviour of the composites in 3.5% NaCl solution was not. 2 0 1 4;3(1):9–16 15
consistent for the different weight percent of reinforcement
(5, 7.5, and 10 wt%) used in developing the Al–Mg–Si based
composites.
• It was evident that for most cases the use of hybrid rein-
forcement of RHA and SiC resulted in improved corrosion
resistance of the composites in 3.5% NaCl solution.
• Preferential dissolution of the more  anodic Al–Mg–Si alloy
matrix around the Al–Mg–Si matrix/RHA/SiC particle inter-
faces was identiﬁed as the primary corrosion mechanism.
• The coefﬁcient of friction and consequently the wear
resistance of the hybrid composites were comparable to
that of the Al–Mg–Si alloy matrix reinforced with only
SiC.
• The production of low cost Al–Mg–Si alloy matrix hybrid
composites using rice husk ash as a complementing rein-
forcement to silicon carbide has great promise for high
corrosion and wear resistance applications judging from
the corrosion and wear properties exhibited by most of the
hybrid composites.
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